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(57) Abstract: An optical sensor, 
in particular for a scanning 
force microscope, measures 
the deflection of a cantilever 
(3) using an optical resonator 
between the cantilever (3) and 
an output surface (12b) of a 
lens assembly (10). In order 
to form the resonator, output 
surface (12b) is concave and 
parallel to the wavefronts of 
the light within the resonator. 
This design provides a resonator 
of high stability and allows to 
keep the distance between lens 
assembly (10) and cantilever (3) 
comparatively large. 
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Technical Field 

The present invention relates to a sensor 
with cantilever and optical resonator according to the 
preamble of claim 1. 



Background Art 



Sensors with cantilever and optical resonator 
are e.g. used in scanning force microscopy applications, 

15 in particular for atomic force microscopes or molecular 
force microscopes or other types of surface scanning 
force microscopes, but also in cantilever-based chemical, 
physical or biological sensors. 

In this type of devices small changes of po- 

20 sition of the cantilever, in particular due to a deflec- 
tion, must be detected. 

It is noteworthy that such a sensor can also 
be used to measure the deflection of the cantilever as a 
function of the position of the light spot on the canti- 

25 lever. Therefore, different bending modes of the cantile- 
ver can be measured. This allows, for example, friction 
measurements (torsion of the cantilever) and the detec- 
tion of various oscillation modes (longitudinal fundamen- 
tal and higher orders as well as torsional) . 

30 D. Rugar et al. in Rev. Sci. Instrum. 59(11), 

1988, pp. 2337ff and D. Rugar et al. in Appl. Phys. Lett. 
55(25), 1989, pp. 2588ff and EP 398 085 describe a sensor 
head where the end of an optical fiber is arranged close 
to the cantilever. Light emitted from the fiber end is 

35 reflected from the cantilever and sent back into the fi- 
ber where it interferes with light reflected from the fi- 
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ber-air interface. The interference pattern can be used 
to measure the position of the cantilever. 

In another known embodiment, the sensor head 
comprises an optical resonator, a first mirror of which 
is arranged on the surface of the cantilever. Sensors 
with optical resonators are disclosed in US 5 565 987 and 
US 5 465 611. If the finesse of the resonator is suffi- 
ciently high, it can be used to detect even very fine 
movements of the cantilever. 

However, it has been found that the stability 
of this type of resonators is poor and depends critically 
on the relative (cartesian and angular) position of the 
cantilever and the sensor, which affects the reliability 
of the device. And, if a fiber is used, it has to be 
brought very close to the cantilever and strong movements 
of the cantilever can damage the fiber end. 

In addition, electrostatic and other interac- 
tions between the fiber and the cantilever may occur that 
change the mechanical properties of the cantilever. 

Disclosure of the Invention 

Hence, it is a general object of the inven- 
tion to provide a sensor of the type mentioned above that 
allows an accurate detection of the cantilever movement. 

Now, in order to implement these and still 
further objects of the invention, which will become more 
readily apparent as the description proceeds, a sensor 
head according to claim 1 is proposed. 

Hence, the second mirror of the sensor's op- 
tical resonator is formed by the concave output surface 
of the lens assembly. In order to form a resonator mir- 
ror, the output surface should be substantially parallel 
to the wavefronts of a standing optical wave in the reso- 
nator . 

Preferably, the lens assembly comprises an 
output lens having a convex entry surface and a concave 
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exit surface, the latter forming the exit surface of the 
lens assembly. This lens can transform a parallel or di- 
vergent light beam into a convergent light beam focussed 
on the cantilever. 

In order to increase the finesse of the reso- 
nator, the output surface is preferably coated with a re- 
flective coating. 

In the description and claims, the term "lens 
assembly" is understood to comprise a single lens or a 
plurality of lenses. 



Brief Description of the Drawing 

The invention will be better understood and 
objects other than those set forth above will become ap- 
parent when consideration is given to the following de- 
tailed description thereof. Such description makes refer- 
ence to the annexed drawing, Fig. 1, which shows part of 
a scanning microscope according to the present invention, 
the individual components of which are represented sche- 
matically and not to scale. 



Modes for Carrying Out the Invention 

Fig. 1 shows a scanning microscope, in par- 
ticular an atomic force microscope. It comprises a tip 1 
for scanning a surface 2. Tip 1 is attached to a cantile- 
ver 3 carried by a scan head 4. The position of cantile- 
ver 3 depends on the force exerted by surface 2 on tip 1. 
This force causes a deviation of cantilever 3 from its 
neutral position. 

An optical sensor is provided for detecting 
this deviation. The optical sensor comprises a light 
source 5 emitting light 6 with a temporal coherency suf- 
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ficient for operating the resonator described below. The 
light from source 5 passes a beam splitter 7 and is fo- 
cussed into a first end 8a of a fiber 8. Preferably, a 
TEM mode of fiber 8 is used for transmitting the light. 
5 A light cone 9 exits from the second end 8b 

of fiber 8. Light cone 9 impinges on a lens assembly 10, 
which focuses it onto a flat top surface 3a of cantilever 
3. 

Lens assembly 10 is attached to scan head 4. 

10 It comprises an input lens 11 and an output lens 12, 

which optically project second end 8b of optical fiber 8 
onto cantilever 3 . 

Input lens 11 has a flat input face 11a and a 
convex output face lib. It receives the divergent light 

15 from light cone 9 and projects it as an e.g. parallel 
beam 13 onto output lens 12. 

Output lens 12 has a convex input face 12a 
and a concave output face 12b, the latter being the out- 
put surface of lens assembly 10. It focuses light beam 13 

20 onto surface 3a of cantilever 3. 

rThe curvature of output surface 12b is chosen 
such that it is parallel to the wavefronts of the light 
14 exiting therefrom, i.e. it does not break the light 
beams going through it. Output surface 12b is coated with 

25 a partially, preferably highly reflecting coating and top 
surface 3a of cantilever 3 is reflecting, preferably 
highly reflecting, e.g. by also being covered by an re- 
flective optical coating. As a result, an optical resona- 
tor 15 is formed between output surface 12b and top sur- 

30 face 3a of cantilever 3. The resonator has low loss (e.g. 
less than 20% per roundtrip, preferably less than 10%) . 
As known to the person skilled in the art, the amount of 
light that such a resonator reflects back depends 
strongly on the resonator's length. 

35 The light reflected from optical resonator 15 

is focussed back into fiber 8 and reaches beamsplitter 7, 
where it is separated from the incoming light and pro- 
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jected onto an optical detector 16. As it will be clear 
to a person skilled in the art, the signal measured by 
optical detector 15 depends on the length of resonator 15 
and therefore on the position of cantilever 3, which al- 
5 lows to measure the position and in particular a deflec- 
tion or torsion of the same. 

The design of the present invention has vari- 
ous advantages. For example, the distance between lens 
assembly 10 and cantilever 3 can be several 100 pm, which 

10 lowers the risk of damaging the optical components as 
compared to conventional sensors using fibers, iln addi- 
tion, the parasitic interaction between the cantilever 
and the optical components is reduced. 

Furthermore, resonator 15 with one curved 

15 mirror (surface 12b) and one flat mirror (surface 3a) is 
more stable than a resonator with two flat mirrors. Be- 
cause the light is focused on the cantilever and hence is 
far from parallel, the said resonator construction re- 
duces the light losses in the cavity compared to the use 

20 of two flat mirrors. 

The higher stability of the resonator simpli- 
fies the alignment of the device. In particular, the ad- 
justment of the angle between cantilever top surface 3a 
and lens assembly 10 is less critical. 

25 As the light rays are not broken at output 

surface 12b, the device works without readjustment inde- 
pendent on the medium present in resonator 15 . In par- 
ticular, the same system can e.g. be used for applica- 
tions in air, vacuum and fluids, such as water or bio- 

30 logical buffers. 

In the example shown so far, two homogeneous 
lenses 11, 12 were used. It is also possible to combine 
the two lenses into a single lens - however, such a sin- 
gle lens would need to have a strongly curved input sur- 

35 face in order to focus a divergent incoming light field 
9. Hence, for divergent incoming light fields 9, a lens 
assembly having at least two lenses is preferred. 
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Instead of using homogeneous lenses, it is 
also possible to use gradient refractive index lenses or 
a combination of homogeneous and gradient refractive in- 
dex lenses. However, the output surface of the output 
5 lens should always be concave and parallel to the imping- 
ing wavefronts of the standing wave within resonator 15. 
In this respect, "a concave surface" is understood to de- 
note that the lens is concave at the given surface. 

In the embodiment of Fig. 1, the light re- 

10 fleeted from resonator 15 is focused back into fiber 8. 
It is, however, also possible to place beam splitter 7 
between fiber 8 and lens assembly 10. 

Instead of using a fiber, light source 5 can 
also be located directly before lens assembly 10. 

15 Preferably, the light entering lens assembly 

10 has an intensity profile decaying with (l/exp(r)) 2 , 
where r denotes the distance to the central axis of lens 
assembly 10 - such a beam profile, as it is generated 
when using a TEM mode of the fiber, allows optimum focus- 

20 ing. 

The optical sensor shown here is suitable to 
measure the deflection of cantilevers with extremely 
small dimensions (e.g. with a length of less than 50 juri 
and a width of less than 10 pm) and can be used for vari- 

25 ous scanning force microscopy applications or the meas- 
urement of the deflection of the cantilever-based physi- 
cal, chemical or biological sensors, where the position 
of the cantilever depends on a parameter to be measured. 

The optical lens assembly 10 shown here may 

30 be mounted on a piezoelectric positioning device that al- 
lows to position the light spot on different parts of 
the cantilever. This allows the measurement of the local 
deflection or torsion of the cantilever, which may be 
used to correct drifts of the distance between the canti- 

35 lever and the optical assembly, to measure frictional 
forces giving rise to a torsion of the cantilever or to 
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detect various longitudinal and torsional oscillatory 
modes . 

The term cantilever is preferably used in the 
classical sense, designating a lever fixed at one end and 
being flexible at the second end, but it is also under- 
stood to comprise levers fixed at both end or membranes a 
central part of which is subject to a deviation to be 
measured. 

While there are shown and described presently 
preferred embodiments of the invention, it is to be dis- 
tinctly understood that the invention is not limited 
thereto but may be otherwise variously embodied and prac- 
ticed within the scope of the following claims. 
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Claims 

1. A sensor comprising 

5 a cantilever (3), wherein a position of the 

cantilever (3) depends on a parameter to be measured, 

an optical resonator (15) formed between two 
reflecting mirrors, wherein a first mirror is arranged on 
said cantilever (3) and wherein a length of said resona- 
10 tor (15) depends on the position of the cantilever (3), 

characterized by a lens assembly (10) for fo- 
cussing light onto the cantilever (3), said lens assembly 
(10) having an output surface (12b) facing the cantilever 
(3) , wherein said output surface (12b) is concave and 
15 forms a second mirror of said resonator (15) . 

2 . The sensor of claim 1 wherein said output 
surface (12b) is substantially parallel to impinging 
wavefronts of a standing optical wave within said resona- 
tor (15) . 

20 3 . The sensor of any of the preceding claims 

wherein said lens assembly (10) comprises an output lens 
having a convex first face (12a) and a concave second 
face (12b) , wherein said second face (12b) forms said 
exit surface. 

25 4 . The sensor of claim 3 wherein said lens 

assembly (10) comprises an input lens (11) for projecting 
a divergent incoming light field (9) onto said output 
lens . 

5. The sensor any of the preceding claims 

30 further comprising an optical fiber (8) wherein said lens 
assembly (10) projects an end (8b) of said optical fiber 
(8) onto said cantilever (3) . 

6. The sensor of any of the preceding claims 
wherein said output surface (12b) is coated with a re- 

35 flective coating. 
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7 . The sensor of any of the preceding claims 
wherein said cantilever (3) is coated with a reflective 
coating. 

8. The sensor of any of the preceding claims 
5 wherein said light is not broken at the output surface 

(12b) . 

9. The sensor of any of the preceding claims 
wherein said cantilever (3) is a lever being fixed at a 
first end and deviatable at a second end. 

10 10. The sensor of any of the preceding claims 

wherein said resonator has a loss of less than 20% per 
round trip. 

11. The lens assembly of any of the preceding 
claims wherein said lens assembly is mounted to a posi- 

15 tioning device for positioning a light spot on different 
parts of the cantilever 

12 . A scanning force microscope with the sen- 
sor of any of the preceding claims. 



20 



WO 2004/017329 



PCT/IB2002/003253 



1/1 




INTERNATIONAL SEARCH REPORT 



PCT/IB 02/03253 



A. CLASSIFICATION OF SUBJECT MATTER , . . _ . „ 

IPC 7 G12B21/08 G12B21/20 G12B21/02 G01D5/26 G01DS/353 



According to international Patent Classification (IPC) or to both nallonal dasslHcalion and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (ctassiftcallon system followed by ctasslflcatlon symbols) 

IPC 7 G12B G01D G01B 



Documentation searched other than minimum documentation to the extent the! such documents am Included tn the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

EPO-Intemal, UPI Data, PAJ, INSPEC, COMPENDEX 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document, with Indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 2002/000511 Al (SCHAFFER TILMAN E ET 
AL) 3 January 2002 (2002-01-03) 
figures 3-6 

paragraphs '0028!-' 0034! 

US 5 166 516 A (KAJIMURA HIROSHI) 
24 November 1992 (1992-11-24) 
figures 1,3 

column 3, line 30 -column 4, line 37 

EP 0 557 743 A (IBM) 
1 September 1993 (1993-09-01) 
figure 1 

column 4, line 22 -column 5, line 14 

-/- 



1-12 



1-12 



1-12 



m 



Further documents are listed In the continuation of box C. 



□ 



Patent family members are listed In annex. 



0 Special categories of died documents : 

■A* document defining the general state of the art which is not 

considered to be of particular relevance 
a E' earlier document but published on or after the International 

filing date 

V document which may throw doubts on priority clalm(s) or 
which Is cited to establish the publication date of another 
citation or other special reason (as specified) 
document referring to an oral disclosure, use, exhibftlonor 
other means 

■p* document published prior to the International filing dale but 
later than the priority date claimed 



T later document pubDshed after the International fifjng date 
or priority date and not In conflict with the application but 
dted to understand the principle or theory underlying the 
Invention 

•X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
Involve an inventive step when the document Is taken alone 

*T document of particular relevance; the claimed invention 
cannot be considered to involve an Inventive step when the 
document Is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
tn the art 

document member of the same patent family 



Date of the actual completion of the International search 



8 April 2003 



Date of mailing of the international search report 



17/04/2003 



Name and mailing address of the ISA 

European Patent Office, P.a 5818 Patentlaan 2 

NL-22B0HVRijswIjk 

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, 

Fax (+31-70) 340-3016 



Authorized officer 



Polesello, P 



INTERNATIONAL SEARCH REPORT 



PCT/IB 02/03253 



C(Contlfiuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Categoiy • Cttatton of document, with Indlcatlon.where appropriate, of the relevant passages 



Relevant to claim No. 



US 5 560 244 A (PRATER CRAIG B ET AL) 
1 October 1996 (1996-10-01) 
figures 4-13 

column 7, line 10 -column 13, line 30 



1-12 



INTERNATIONAL SEARCH REPORT 



PCT/IB 02/03253 



rflici 1 1 uuvui ■ ici li 




Publication 




Patent family 


Publication 


cited in search report 




date 




member(s) 


date 


US 2002000511 


Al 


03-01-2002 


US 


2002195553 Al 


26-12-2002 


US 5166516 


A 


24-11-1992 


JP 


4161807 A 


05-06-1992 ' 


EP 0557743 


A 


01-09-1993 


US 


5280341 A 


18-01-1994 








EP 


0557743 Al 


01-09-1993 








JP 


6042909 A 


18-02-1994 








JP 


8020205 B 


04-03-1996 



US 5560244 A 01-10-1996 US 5463897 A 07-11-1995 

US 6032518 A 07-03-2000 

US 5714682 A 03-02-1998 



